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HEAT-TRANSFER AND PRESSURE DISTRIBUTIONS AT A
MACH NUMBER OF 6 FOR 70° SWEPT SLAB WINGS
WITH SHARP AND SPHERICAL NOSES AND
CYLINDRICAL LEADING EDGES®

By Robert A. Jones and Robert L. Trimpi
SUMMARY

Local heat-transfer coefficients and surface pressures in the region
of the cylindrical leading edge of TO° swept delta wings with sharp and
spherical noses were determined from wind-tunnel tests at a Mach number
of 6; free-stream Reynolds numbers, based on leading-edge diameter, of

3 x 10%, 6 x 10%, and 23 x 10%; and angles of attack from 0° to 30°.
Within the range of 3 to 6 leading-edge dlameters from the nose at angles
of attack to 20°, the heat transfer to the leading edge of the sharp-nose
wing was found to agree with values predicted by an easily applied theory.
At angles of attack of 25° and 309, the high Reynolds number data for the
windward side of the leading edge indicate transitional or turbulent flow
wlth measured heating rates much higher than theoretical values. Within
the range of 2 to 5 leading-edge dlameters from the nose, the heat trans-
fer to the leading edge of the spherical-nose wing was found to be slightly
higher than for the sharp-nose wing with higher heating rates for loca-
tions nearer the nose. In addition, the heat-transfer-coefficient ratios
were found to be higher for the low Reynolds number data for locations
near the nose than for the high Reynolds number data. '

INTRODUCTION

The design of many proposed lifting-reentry configurations having
delta-planform wings with blunt leading edges is hindered by the lack of
data on the aerodynamic heating they will experience in the earth's
atmosphere. Some theoretical and experimental studies of aerodynamic
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heating at high Mach numbers have been made for wings, leading edges,
and noses. For example, a theory was developed in reference 1 for pre-
dicting the rate of heat transfer to blunt-nose bodies at hypersonic
speeds and in reference 2 for predicting heat transfer to bodies with
yaw and large pressure gradients at hypersonic speeds. An experimental
study of heat transfer to yawed cylinders at a Mach number of 4.15 is
reported in reference 3, and other experimental studies of aerodynamic
heating to delta wings at high Mach numbers are reported in references 4
to 8. Most of the data in these references were taken on wing surfaces
at relatively large distances from the nose.

This report is concerned with detailed measurements of the aero-
dynamic heating to the blunt leading edge of slab delta wings in the
vicinity of 2 to 6 leading-edge diameters from the nose and the effect
of nose bluntness on the heating to the leading edge. The data of this
paper were obtained as part of a general hypersonic wing study conducted
at Langley Research Center in 1958 and 1959 and have been used internally
in support of various programs. These data are being published at this
time both to add to the general body of hypersonic-wing data and to pre-
sent arguments for the evaluation of the surface entropy of sharp- and
blunt-nose wings.

SYMBOLS
Cp pressure coefficient
Cp,max maximum pressure coefficient
c specific heat
d leading-edge diameter
h local heat-transfer coefficilent
ha_o theoretical laminar heat-transfer coefficlent at the stag-

nation line of an unswept circular cylinder

1 distance from nose-leading-edge tangent point measured
parallel to leading edge

N&) free-stream Mach number

P local pressure
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swept cylinder stagnation-line pressure

free-stream stagnation pressure

stagnation pressure behind normal shock at free-stream
Mach number

free-stream static pressure
heat-transfer rate

free-stream Reynolds number based on model leading-edge
diameter

radius of cylindrical leading edge

distance along surface normal to leading edge measured
from point of symmetry of leading edge

recovery temperature
surface temperature
time

distance from nose of blunt configuration along model
center line

distance along surface normal to the leading edge measured
from point of tangency

angle of attack

ratio of speciflc heat at constant pressure to the specific
heat at constant volume taken to be 1.40

flow-deflection angle

angle between leading edge and free-stream direction

acute angle between component of free stream normal to
leading edge and plane of wing

Oepp = [0+ 0]



Acry effective sweep, 90° - ¢,
p density
T thickness

MODELS

Two models having 70° swept cylindrical leading edges were tested.
One was a semispan wing with a sharp nose and the other was a 3/h-span
wing with a spherlcal nose. Sketches of the models are shown in fig-
ures 1 to 3 and photographs of the pressure models are shown in figure L.
The instrumented sections of the two models were interchangeable. For
the sharp-nose configuration, the instrumented section of the model shown
in figure 1 was mounted on a sharp flat plate as shown in figure 2. The
leading-edge thickness of the plate was approximately 0.001 inch. For
the spherical-nose configuration, the Instrumented section was mounted
to a blunt-nose wing section as shown in figure 3.

A small wing fence was located at the tip of each wing. This fence
contained five holes which had a total area of approximastely 40 percent
of the effective area of the fence. This wing fence was used in an
attempt to simulate the flow of an infinitely long wing by a wing of
finite length.

The thermocouple locatlons are shown in figure 1. The thermocouples
were made from number 30 iron-constantan wire and were spot welded to
the inner surface of the skin. The skin was made of 0.030-inch-thick
number 347 stainless steel. There was a total of 49 thermocouples wired
to seven connecting plugs with seven thermocouples to each plug. How--
ever, the reference junction would handle only six connecting plugs or
42 thermocouples and therefore one connecting plug and its seven thermo-
couples were omitted from each series of tests. For most of the tests
of the sharp-nose configuration, the thermocouples of station A were
omitted; and for the blunt-nose configuration, the thermocouples at the
leading edge of station E were generally omitted.

Pressure orifice locations are shown in figure 3. These orifices

had a diameter of 0.040 inch and were connected by tubing to a mercury
manometer.
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TUNNEL, TEST TECHNIQUE, AND DATA REDUCTION

Tests were conducted in the Mach number 6.2 blowdown tunnel at the
Langley Research Center. A complete description of this tunnel as well
as a description of the test technique, data recording, and data reduc-
tion is given in reference 5; therefore, only a brief description is
given herein.

Heat-transfer data were obtained by using & transient testing tech-
nique. The tunnel was started and brought to the desired operating con-
ditions and then the model was rapidly injected into the airstream by a
pneumatic piston which was located in a sealed box directly over the
test section. The total time required for injection was about 0.25 sec-
ond, but it is estimated that from the time the model first entered the
alrstream until steady flow was established was only 0.05 second. The
model remained in the airstream for 3 to 10 seconds. Between runs the
model was cooled by high-pressure air jets to room temperature.

Thermocouple outputs were recorded on magnetic tape by a Beckman
210 high-speed analog to digital data recording system at a rate of
40 times per second. Heat-transfer coefficients were obtained by fitting
a second-degree curve to the data by the method of least squares and com-
puting the time derivative of temperature on a card programed computer.
The heat-transfer coefficient 1s given by the equation

W
peT —

- ot
i = )

The method of obtaining recovery temperature T, 1s discussed in the
section of this report entitled "Results and Discussion."

Heat-transfer data were obtalned at stagnation pressures from 20 to
165 lb/sq in. abs with stagnation temperatures varying from 3000 to 450° F
depending on the pressure. Pressure data were obtained only at stagnation
pressures of 500 lb/sq in. abs because long running times and high pres-~
sure levels vere required for the manometer to settle out. For the pres-~
sure tests, the stagnation temperature was approximately 500° F.



RESULTS AND DISCUSSION

Flow Pattern

Schlieren photographs of the flow are presented in figures 5 and 6
for the sharp- and spherical-nose models, respectively. In figure 5,
the disturbance from the leading edge of the plate hits the leading edge
of the wing very near to station A. (see figs. 1 and 3 for location of
station A.) For this configuration, no heat-transfer or pressure data
were taken at station A. The angle of inclination of the disturbance
from the leading edge of the plate is near the free-stream Mach angle,
and this disturbance causes no deflection of the wing leading-edge shock
wave. Therefore, it is thought that the disturbance from the plate
leading edge 1s very wesk in comparison to the leadlng-edge shock wave
of the wing. Note that the wing shock wave is curved and that it never
becomes parallel to the leading edge. An increase in the angle of attack
increases the distance between this shock wave and the leading edge.

From figure 6 it can be seen that part of the spherical-nose model
between station E and the wing end plate 1s located in a region of a
tunnel disturbance. The flow deflection across this disturbance was
determined by pressure measurements made on a wedge and found to have
a maximum of approximately 3/&0. For thlis configuration heat-transfer
data were taken at stations A to D and at those thermocouples of sta-
tion E for which s/r was greater than 2.5. (See figs. 1 and 3 for
location of these stations.) Pressure data were taken at stations B
to E and along the center line of the model. The effect of the tunnel
disturbance on the data is discussed subsequently.

Note that the leading-edge shock wave 1s more nearly parallel to
the leading edge for this configuration than for the sharp-nose con-
figuration. The angle of attack has little effect on the shock-wave
shape in the vicinity of the nose for the range of angles tested in this
investigation; however, in the vicinity of the wing end plate, the dis-
tance between the shock wave and leading edge is increased with angle
of attack in a manner similar to that of the sharp-nose configuration.

Pressure Distributions

Pressure-distribution data are presented first because they are
used in the theoretical calculation of recovery temperatures and heat-
transfer distributions. The data are plotted in figures 7 and 8 as the
ratio P/Pt,c vhere p 1is the measured local pressure and pt,a is

the stagnation pressure behind a normal shock at the free-stream Mach
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number. Also shown in figures 7 and 8 are the curves computed from
modified Newtonian theory which predicts the distribution

’ e = sin (2)

Cp,ma.x

where & 1s the deflection angle of the component of flow normal to
the swept leading edge. This equation can be rewritten as

P = cos2eeff + -—p°° Sineeeff (5)

Psl Psl

where O.ppr 15 the complement of the deflection angle in the crossflow
plane and pg; 1is the stagnation line pressure of the cylindrical
leading edge computed from oblique shock theory as

- A
P51 [ 2y 2 2 y -1 71 7Jer1M°°2c°seAeff .
e (e ) ST
(4)

Pressure distributions of the sharp-nose configuration are shown
in figure 7. The theory predicts the pressure on that part of the
cylindrical leading edge where s/r < 1 with reasonable accuracy at
all angles of attack. At angles of attack less than 10° the theory
predicts the pressure over the entire wing with reasonable accuracy, but
for higher angles of attack and s/r > 1 the measured pressure is gen-
erally higher than theory. There is also a variation in pressure with
distance from the nose. Station B is located approximately 3 leading-
edge diameters from the nose; station C is approximately 4 diameters
from the nose; and so forth. The pressure at station B is about 10
percent higher than theory in the region near the stagnation line. As
the distance from the nose (1/d4) increases, the measured pressure in
this region approaches the theoretical pressure and becomes equal to it
at station D or approximately 5 diameters from the nose.

Pressure distributions of the spherical-nose configuration are pre-
sented in figure 8. As was mentioned previously, station E of this con-
figuration wes located in the region of a tunnel disturbance. 1In fig-
ure 8(a) the pressure at station E is considerably higher than the



other data. The data teken with the model located in this tunnel posi-
tion are shown here since all of the heat-transfer data of the blunt-nose
configuration were taken in this same tunnel location. (However, no
heat-transfer data were taken at station E for s/r <1.) As a check,
pressure data were taken (along the stagnation line at zero angle of
attack) with the model located in the tunnel such that this disturbance
did not hit the model. In this case the pressure at station E was the
same as the stations C and D data of figure 8(a). It is, therefore,
thought that this tunnel disturbance has very little effect on the data
of stations other than statlon E and that the station E data of the
spherical-nose configuration can be disregarded. The data of stations B,
C, and D are as much as 20 percent higher than the theoretical data in
the vicinity of the stagnation line. The variation of pressure with
distance from the leading edge (s/r) is different from that for the
sharp-nose configuration shown in figure 7. At angles of attack of O°
and 5° the pressure is lower at station B (3 leading-edge diameters from
the nose), but for angles of attack above 10°, the trend is reversed and
the pressure 1s higher nearer the nose. In the neighborhood of the stag-
nation line, the measured pressure at all stations is always higher than
the theoretical pressure. The effect of the blunt nose is apparently
felt over the entire leading edge. The variation of pressure along the
center line of the model is plotted in figure 9. At angles of attack of
0° and 5° the pressure was slightly higher near the nose, at 10° it was
almost constant, and at higher angles of attack the pressure was higher
toward the trailing edge of the wing.

Heat-Transfer Distributions

Heat-transfer data are plotted in figures 10 and 11 as the ratio
h/hA=O wvhere h 1s the local heat-transfer coefficient for laminar

flow and hA=O is the theoretical laminar heat-transfer coefficient

for the stagnation line of an unswept circular cylinder at the same
free-stream conditions. In order to determine local heat-transfer coef-
ficients from the measured heat-transfer rates, a laminar recovery factor
of 0.85 was assumed and a local recovery temperature was calculated.

The temperature potential was then the computed local recovery tempera-
ture minus the measured locel wall temperature. The local recovery temp-
erature was computed differently for the two configurations. For the
sharp-nose configuration, T, was calculated by assuming first that

the flow passed through a shock wave which was swept parallel to the
leading edge of the wing and that the flow was then expanded isentrop-
ically to the modified Newtonian pressure which is plotted in figures 7
and 8. For the spherical-nose configuration, T, was calculated by

first assuming that the flow passed through a shock wave which was normal
to the free-stream flow direction and was then expanded to the modified
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Newtonian pressure. The theoretical heat-transfer coefficlent h,_g,
was taken from reference 9.

Also plotted in figures 10 and 11 are curves representing a theo-~
retical laminar heat-transfer-coefficient distribution. The equation
used to calculate this coefficient is

(50 -
= COS AEff qe 4 eeff:o (5)

BA=0 ere=0 (T = Tv)

where the ratio q/qe pp=0 VBs obtained from the method of Lees (ref. 1)
e

by using the pressure distribution predicted by modified Newtonian theory.
For the case of negative values of s/r, the theoretical heat-transfer
distribution was not computed for values of BO.¢¢ larger than 90°,

Heat-transfer distributions of the sharp-nose configuration are
presented in figure 10 for angles of attack from 0° to 30°. For this
configuration, data were taken at stations B, C, D, and E at three
Reynolds numbers. Note that data of figures 10(b), 10(c), and 10(d)
cover a range of s/r from -4.4 to 4.k. In order to obtain data for
values of s/r less than -0.3, runs were made with the model at nega-
tive angles of attack. To distinguish between these data, the flags
and tails on the symbols denoting Reynolds number are on the right for
data obtained at positive angles of attack and on the left for data
obtained at negative angles of attack. The high Reynolds number data
for an angle of attack of 10° and positive s/r have been omitted from
figure 10(c). As a result of instrumentation difficulties these data
appeared to be invalid.

Most of the data in the reglion near the stagnation line indicate
that the flow is laminar. The exceptions to this are the data of fig-
ures -10(f) and 10(g) for which the angles of attack were 25° and 30°,
respectively. At these angles of attack the flow pattern over the wing
has changed such that the flow may be 1in a direction outward toward the
leading edge. There is a general discussion of flow patterns over wings
of this shape in references 6 and 8. Thus, the leading edge no longer
behaves like a swept cylinder and the theory may be inapplicable. The
variation of heat transfer with Reynolds number does, however, indicate
the possibility of transitional or turbulent flow.

For angles of attack less than 20° there is no general trend in the
variation of heat transfer with distance from the nose in these data
which cover a range of approximstely 3 to 6 leading-edge diameters from
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the nose. This result indicates that the flow over this portion of the
leading edge does approach that of an infinitely long wing. In order to
obtain some information on the effect of the small wing fence which was
located at the tip of the wing, the holes in the fence were closed and
data were taken at zero angle of attack and at an angle of attack of 20°.
These data showed no effect of closing the holes except 1n the immediate
vicinity of the fence at an angle of attack of 20° where the heating was
increased somewhat.

The heat-transfer distribution predicted by the theory shows reason-
ably good agreement with the data in the region near the stagnation line
for angles of attack of 20° and less. On the slab portion of the wing
(s/r > 1.6), the measured data show poor agreement with the theoretical
data, especlally at the high angles of attack. The greater part of these
measured data are for conditions of transitional flow as seen by the
increase in heat-transfer coefflcient with an increase in Reynolds number
in figures 10(a) to 10(f).

The heat-transfer distributions of the spherical-nose configuration
are presented in figure 11 for angles of attack from 0° to 20°., For this
configuration, data were taken at stations A, B, C, D, and that portion
of station E for which s/r is greater than 2.5. As was mentioned pre-
viously, the local recovery temperature for this configuration was cal-
culated by assuming that the flow passed through a shock wave which was
normael to the free-stream flow direction in contrast to the swept-shock
method used for figure 10, and was then expanded to the modified Newtonian
pressure. The differences between the swept-shock and normal-shock
methods of calculating recovery temperature can be seen by comparing
figures 11(a) with 12. The measured heat-transfer rates of these two
figures are the same. However, the data of figure 12 were reduced by
using a swept-shock recovery temperature and have higher values as well
as more scatter. The temperature potential for these data (Tr - Tw)

varied from 150° to 250° F. The heat-trensfer coefficlents are, there-
fore, rather sensitive to errors in recovery temperature. It was thought
that data reduced by using normal-shock entropy for the calculation of
recovery temperature would be more accurate since this configuration had
a blunt nose and was therefore bathed by a layer of alr having the higher
entropy. Note that both the data at a given station for different
Reynolds numbers agree better and that the departure from theory is
reduced when normasl-shock entropy is used (fig. 11(a)). At higher angles
of attack this layer of high-entropy air would become thinner over the
leading edge and the advantage of using normal-shock recovery tempera-
tures would possibly be lessened. The errors introduced by using swept-
shock entropy to calculate recovery temperature at an angle of attack

of 0° are shown by figure 12 to be as large as 20 percent.

DU
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One other anomaly in the data should be pointed out. In fig-
ures 11(b), 11(c), and 11(d) the data for large negative values of s/r
were obtalned by testing the model at negative angles of attack and these
data are denoted in the same manner as were the data of the sharp-nose
configuration. Note that leading-edge data obtalned at negative angles
of attack have higher heating rates near the nose than the data at cor-

responding values of s/r obtained at the positive angles of attack.

This is belleved to be a result of the construction of the model. The
blunt-nose configuration was obtalned by attaching a blunt-nose wing
section to the instrumented section of the sharp-nose configuration.

(See fig. 3.) The juncture of the cylindrical leading edge and the
spherical nose were faired together smoothly on the principal instru-~
mented side of the leading edge and slab (windward side at positive angle
of attack). However, the opposite side of the nose and leading-edge Jjunc-
ture were not faired as smoothly. Consequently, at negative angles of
attack the flow over the wing leading edge passed over this poor fairing
and was affected particularly near the nose. The data taken near the
nose at positive angles of attack are believed to be more valid than the
data of the same location taken at negative angles of attack.

The most Important difference between these data and the data of
the sharp-nose model was that these data did show a trend in the varia-
tion of heat transfer with distance from the nose. In general, on the
windward portion of the leading edge, the heat-transfer rate was higher
for those stations nearer the nose. In addition, the low Reynolds num-
ber data had higher heat-transfer-coefficient ratios than the high Reynolds
number data. The variation with Reynolds number was also larger for those
stations nearer the nose.

Another difference indicated by these data was that the spherical-
nose model had laminar flow over a larger portion of the wing than did
the sharp-nose model.

SUMMARY COF RESULTS

Heat-transfer distributions have been measured for two cylindrical-
leading-edge, TO° swept slab wings, one having a sharp nose and the other
having a spherical nose. ests were conducted at a Mach number of 6 and
Reynolds numbers of 3 X 10%, 6 X th, and 23 X 104, based on leading-edge
dlameter. Angles of attack varied from -15° to 30° for the sharp-nose
configuration and from -15° to 20° for the spherical-nose configuration.

Results of these tests indicate the following:

1. Within the range of 3 to 6 leading-edge diameters from the nose,
the pressures and heating of the leading edge of the sharp-nose wing
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appeared to be like that of an infinitely long swept cylinder up to an
angle of attack of 20°., Within this range the heat-transfer coefficient
can be predicted by an easily applied theory with reasonable accuracy.
At angles of attack of 25° and 30°, the high Reynolds number data of the
windward side of the leading edge are either transitional or turbulent
and the measured heat-transfer rates are therefore much higher than the
theoretical values.

2. On the flat portion of the sharp-nose wing, the data lndicated
transitional flow at angles of attack from 0° to 30°.

3. The flow over the spherical-nose wing was laminar over a larger
portion of the wing than for the sharp-nose wing.

4. The heat-transfer rate to the leading edge of the spherical-nose
wing varied with distance from the nose. Within a range of 2 to 5 leading-
edge dlameters from the nose, the heat-transfer rates were higher for
locations nearer the nose. In addition, the lower Reynolds number data
had higher heat-transfer-coefficient ratios than the high Reynolds num-
ber data. This variation with Reynolds number was also larger for loca~
tions nearer the nose.

5. The pressure distribution around the cylindrical leading edge
was predicted with reasonable accuracy by modified Newtonian theory for
both wings.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Air Force Base, Va., February 19, 1962.
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(a) Sharp-nose configuration.

(b) Spherical-nose configuration.

Figure 4.- Photographs of models.
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a = 0° L-62-46

Figure 5.- Schlieren photographs of sharp-nose configuration.
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a = OO L-62—L"5

Figure 6.- Schlieren photographs of spherical-nose configuration.
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Figure 8.~ Concluded.
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Figure 10.~- Continued.
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